A novel electrochemical DNA-based biosensor for the detection of deep DNA damage was designed employing the bionanocomposite layer of multiwalled carbon nanotubes (MWNT) in chitosan (CHIT) deposited on a screen printed carbon electrode (SPCE). The biocomponent represented by double-stranded (ds) herring sperm DNA was immobilized on this composite using layer-by-layer coverage to form a robust film. Individual and complex electrode modifiers are characterized by a differential pulse voltammetry (DPV) with the DNA redox marker [Co(phen)3] 3+ , cyclic voltammetry (CV) and electrochemical impedance spectroscopy (EIS) with [Fe(CN)6] 3-as a redox probe in a phosphate buffer solution (PBS). A good correlation between the CV and EIS parameters has been found, thus confirming a strong effect of MWNT on the enhancement of the electroconductivity of the electrode surface and that of CHIT on the MWNT distribution at the electrode surface. Differences between the CV and EIS signals of the electrodes without and with DNA are used to detect deep damage to DNA, advantageously using simple working procedures in the same experiment.
Introduction
The structural integrity of nucleic acid as an irretrievable and unique component of gene expression is influenced by many physical and chemical agents, including UV-light, chemical radicals and toxins. The development of DNA-based biosensors as the screening analytical devices for gene-carriers damage is a matter of intensive research. At electrochemical biosensors, the extent of damage to DNA is indicated by its electrochemical signals at both mercury and carbon-based electrodes. Utilizing them, a DNA modified electrodes have found wide popularity among sensors for tests of DNA chemical interactions. Both, highly sensitive sensors for a subtle DNA damage (e.g. at the DNA bases) as well as robust sensors for the deep DNA degradation and/or DNA protection under oxidative stress conditions are of interest. Therefore, the necessity of efficient and simple DNA immobilization methods and obtaining specific DNA signals is still an actual task.
In the design of chemical modifications of an electrode surface, new materials, including nanostructured modifiers and polymer composites, are of great importance. 1 Carbon nanotubes (CNT) including multiwalled nanotubes (MWNT) represent known nanomaterials that display attractive structural, mechanical, and electronic properties, leading to improved electrochemical activity of many analytes. 2 Polymeric materials have been widely used at sensors, actuators, highly sensitive membranes, energy storage and others. Among them, natural polymers offer a degree of functionality not available at most synthetic polymers. A special group of polymers for biosensing is represented by polysaccharide matrices. 3 Chitosan (CHIT) is a polysaccharide biopolymer with Nacetylglucosamine and glucosamine units (Fig. 1 ). Due to its good film-forming ability, high water permeability and good adhesion, it is perspective for biosensing, 4 and compared to another media, CHIT can prevent biological molecules from denaturation. 5 It is a biocompatible, biodegradable and non-toxic cationic polymer that forms a polyelectrolyte complex with DNA. 6 Thus, CHIT is widely used in gene delivery applications and biomolecule-DNA attachment. 7 In the form of low molecular weight or oligomers, it also has a perspective for protection against DNA oxidative damage. 8 In the field of sensors, CHIT was already widely used, for instance amperometric laccase sensing at a glassy carbon electrode, 9 amperometric glucose sensing at a Pt electrode, 10 imunosensing for carcinoembryonic antigen at a glassy carbon electrode with CHIT/Au nanoparticles, 11 hydrogen peroxide sensing at a glassy carbon 12 for the detection of DNA hybridization using CNT/nano zirconium dioxide/CHIT-modified electrodes 13 and for the determination of a colorectal cancer target DNA sequence using a CeO2/CHIT composite matrix. 14 CNTs precipitate in water and in acidic aqueous solutions due to their aggregation caused by hydrophobic interactions and van der Walls forces between the tubes. As a cationic polymer, CHIT can also bind anionic chemicals including CNT containing -COOH groups. 15 However, an oxidizing treatment of CNT can induce defects on CNTs, and thus change their mechanical and electronical properties. To stabilize a CHIT-CNT dispersion, cross-linking with glutaraldehyde is often used. 16 Aparently, stabilization of the MWNT-CHIT mixture can be based on the non-covalent association of CNT with the CHIT chains. 15 Disposable electrochemical sensors, like screen printed electrodes (SPE), became of interest as mass-produced and simple, inexpensive, non-toxic and widely accessible analytical probes. Recently, a screen printed carbon electrode (SPCE) modified with double stranded deoxyribonucleic acid (dsDNA) was proposed for the evaluation of DNA damage. The integrity of the nucleic acid layer was indicated using the diffrerential pulse voltammetry (DPV) of metal complex redox markers, e.g.
3+ as an indicator that interacts non-specifically with the DNA chain. 17 The cyclic voltammetric (CV) picture of redox probes, like the [Fe(CN)6] 3-anion is typically used for simple electrode surface characterization. 18 In the case of DNA modified electrode, the redox probe response is improved with the degradation of the negatively charged DNA backbone. 19 Electrochemical impedance spectroscopy (EIS) as another general method reflecting the electrical or structural properties of surfaces was also utilized for investigations of the immobilized DNA layer 20 as well as other biocomponents. 21 The aim of this work is to develop a cheap solid DNA sensor together with simple measurement procedures with a good ratio of specific-to-nonspecific signals. This could be achieved via the formation of a nanoscaled interface and a DNA distribution on the SPCE transducer. The adsorption of a MWNT-CHIT composite, followed by the deposition of dsDNA was used for this purpose. 
Experimental

Reagents
CHIT of high relative molecular mass (M, 600000; degree of deacetylation, 85%; from Fluka) was used. Its 0.5% solution (pH 5.0) in 1% acetic acid was filtered through a simple filter paper strip. MWNT (o.d., 40 -60 nm; i.d., 5 -10 nm; length, 0.5 -500 mm) were obtained from Aldrich, Germany. For their dispersion (1 mg ml -1 ) pure dimethylformamide (DMF) from Lachema, Czech Republic was used. Herring sperm dsDNA was purchased from Aldrich, Germany. Its stock solution (0.1 mg ml -1 ) was prepared in a 0.1 M phosphate buffer, pH 7.0, and stored at -4˚C. A DNA redox marker [Co(phen)3] 3+ was prepared according to a previous paper. 22 Acridine orange was purchased from Aldrich, Germany. Other chemicals used were of analytical reagent-grade purity and used as received. During the measurements, deionized, double-distilled water was used.
Apparatus
The SPCE (Food Research Institute, Bratislava, Slovakia) was a three-electrode assembly consisting of a working carbon electrode (25 mm 2 geometric surface area), a silver/silver chloride reference electrode Ag/AgCl/SPE (potential of 0.284 V vs. conventional Ag/AgCl/saturated KCl electrode) and the same counter electrode. DPV was performed on a voltammetric analyzer ECA pol, Model 110 (Istran, Bratislava, Slovakia). CV measurements were carried out on Autolab with the software GPES-General Purpose Electrochemical System, version 4.9.005 (Eco Chemie B.V., Netherland). EIS measurements were carried out using the Autolab/FRA system with the potentiostat PGSTAT 12 and FRA-DSG, FRA-ADS modules (Eco Chemie B.V., The Netherland), Ver. 4.9.006. All measurements were performed in a 10-ml glass voltammetric cell.
Preparation of the modified electrodes
Nanostructured and polymeric films were prepared using layer-by-layer coverage and mixed coverage of the SPCE without any electrochemical precondition of the working electrode surface. Layer-by-layer coverage was used to create a DNA/MWNT-CHIT/SPCE biosensor. The working electrode was covered with 5 ml of a stock solution of a modifier (CHIT alone or MWNT-CHIT mixture, 1:1 v/v ratio), and allowed to dry. Then, the DNA layer was formed by the application of 5 ml of the stock solution and evaporated to dryness. The final biosensors DNA/MWNT-CHIT/SPCE were stable (possesing the signal values within SPCE strip-to-strip repeatability) for several days while keeping them in a dry atmosphere.
For a comparison, a simple electrode modification was tested using the layer-by-layer DNA/CHIT and mixed DNA-CHIT coverages. The first one was prepared by the application of 5 ml of a CHIT solution, and after drying by 5 ml of the DNA stock solution and evaporated to dryness. The second one was prepared by using 5 ml of a mixture CHIT and DNA stock solutions (1:1 v/v ratio). Prior to a measurement, the bare and modified SPCE were immersed in the 5 ¥ 10 -3 M PBS for 5 min under stirring to achieve equilibrum.
Procedures
DPV of the tris-(1,10-phenanthroline)cobalt(III) complex.
The [Co(phen)3] 3+ complex was accumulated from its 5 ¥ 10 -7 M solution in 5 mM PBS, pH 7.0, under stirring for 120 s at an open-circuit potential. Then, a cathodic DP voltammogram was recorded in the same solution within the potential range from 900 to -700 mV using a pulse amplitude of 100 mV and a scan rate of 50 mV s -1 . The peak current was evaluated against the base-line and corrected to a blank. of DNA/MWNT-CHIT/SPCE were obtained as described above. Then, after rinsing with distilled water, the same electrode was incubated at ambient temperature in a corresponding cleavage mixture for 5 min under stirring. Subsequently, CV and EIS measurements after this exposure were carried out. With respect to differences between individual SPCE strips, the CV parameters and R2 data are expressed as the normalized (i.e. relative) values compared regarding the parameters obtained for the original biosensor before its incubation in a cleavage agent. The surviving DNA (denoted as surv DNA) after damage was calculated from the change of the signals obtained at the electrodes with and without DNA related to the difference of the signals corresponding to the original undamaged DNA according to the following formulas:
where I is the CV cathodic current response of 1 mM K3Fe(CN)6, measured at the peak potential obtained for 1 mM K3Fe(CN)6 at the MWNT-CHIT/SPCE without DNA (about 0 V); DEp is the CV anodic to cathodic peak potential separation for 1 mM K3Fe(CN)6, and R2 is electron transfer resistance at EIS. The indexes used characterize the chemical modifiers of SPCE.
Results and Discussion
A preliminary chemical modification of the SPCE surface was used to enhance the electrode conductivity, and to form an interface with sites for the immobilization of DNA. The films of the electrode modifier were formed via the adsorption method represented by an accumulation of species without any faradaic process. The amounts of MWNT and the concentrations of CHIT and MWNT were optimized using the biosensor response as the criterion.
Characterization of the modified electrodes
Differential pulse voltammetry. The [Co(phen)3] 3+ complex was used as a conventionally known electrochemically active DNA indicator, which is often utilized in our labotratory. Its detection mechanism is based on association with the surface-attached DNA using both intercalation and electrostatic entrapment of the complex particles during a biosensor treatment in a [Co(phen)3] 3+ solution. The analytical signal originates from the DPV scan of the electrochemical Co(III) to Co(II) reduction, and it is proportional to the amount of DNA. 17, 23 The DPV parameters obtained for various modified SPCE electrodes are summarized in Table 1 . A CHIT solution of pH 5.0 was used throughout. For a CHIT-DNA complex it was concluded previously 24 that DNA remains the B-conformation, and its binding affinity to CHIT depends on the pH. Although parts of CHIT selectively bind to the minor groove of DNA, a specific interaction site is still unclear. In media of pH 4.0 -5.0, the binding affinity exhibits a maximum, and at pH 12 this affinity is the lowest.
We have found that the positively charged complex [Co(phen)3] 3+ has practically no affinity to CHIT and MWNT-CHIT films without DNA, because its cathodic DPV peak does not exhibit any current enhancement compared to the bare SPCE, and it is even shifted to more negative potential values. A similar behavior was observed for another cationic marker, [Ru(NH3)6] 3+ . 25 The reason for this is evidently a repulsion of [Co(phen)3]
3+ by a positively charged CHIT. Comparing layerby-layer (DNA/CHIT) and mixed layer (DNA-CHIT) arrangements, it seems that the first one is more suitable, since it posseses a higher DPV current response of [Co(phen)3] 3+ than the second one. However, the DPV procedure with the [Co(phen)3] 3+ redox indicator is rather time consuming and tedious regarding the need of both, indicator accumulation within the DNA layer prior to the DPV measurement and its remowal at the biosensors surface for repeated use. 3-current signal. 18 At the same time, an increase in the potential separation of the CV anodic and cathodic peaks (DEp) due to a decrease of the electrochemical reversibility of the [Fe(CN)6] 3-/[Fe(CN)6] 4-redox couple at the DNA modified electrode can be observed and evaluated. In the case of deep DNA damage, an opposite process should take place, leading to an increase of the current signal and a decrease of the DEp value, particularly at a sensor with the MWNT interface. These processes were utilized in this work.
CV Fig. 2 . A strong effect of individual electrode modifiers can be seen. The SPCE modification by MWNT-CHIT increases the peak current signal and the reversibility of the redox system and, otherwise, the immobilization of DNA on the surface decreases the redox probe current (see curve 5). The anodic-to-cathodic peak current ratio was within the interval from 0.89 to1.04.
Hence, in accordance with the literatures, 6, 26 CHIT represents a convenient platform for the immobilization of both MWNT and DNA, and the current-response difference between curves 4 and 5 at a potential of about 0.0 V can be used as for the detection of DNA damage. The strong improvement of the redox probe cyclic voltammogram shape found at MWNT-CHIT/SPCE should be attributed to the homogenous distribution of MWNT on the electrode surface using the CHIT matrix. The data of anodic-to-cathodic peak potential separation can be considered as evidence for it. At the theoretical DEp value of A correlation between the decrease in the DEp values and the increase in the peak current values was found, which confirms a homogenity of the surface coverage. Therefore, DEp was evaluated as an analytical signal which can characterize the electrode modifier layer as well.
To investigate the [Fe(CN)6] 3-probe behavior, an effect of the ionic strength was also tested using 5 mM and 0.1 M PBS pH 7.0 as the supporting electrolyte (Fig. 3) . While the PBS concentration does not change significantly, the CVs at MWNT-CHIT/SPCE without DNA, at DNA/MWNT-CHIT/SPCE a lower peak current of the redox probe was observed in 5 mM PBS than in 0.1 M PBS. Thus, a lower ionic strenght (lower PBS concentration) evidently less compensates the negative charge of the DNA backbone, which is a barrier for the transport . Different concentrations of the ionic species can also lead to different electron conductivity for polymeric materials, also via different segmental motions of the polymer chains. Hence, a barrier effect of the DNA layer to the redox probe has been confirmed, particularly in 5 mM PBS. Nevertheless, in order to combine the CV and EIS measurements, 0.1 M PBS was used as the electrolyte. Electrochemical impedance spectroscopy. Regarding DNA modified electrodes, the detection mechanism of the EIS method resides in an impedance increase at the electrodes covered by poorly conducting films. 27 In the case of deep DNA damage, particularly at a sensor with a conductive MWNT interface, an opposite process should take place, leading to a decrease of the complex impedance in the presence of a redox probe, usually [Fe(CN)6] 3-/[Fe(CN)6] 4-. This is a way to another simple detection of deep DNA damage.
Complex impedance spectra for the modified electrodes under investigation, presented as Niquist plots (the dependence of an imaginary part of the impedance Z≤ vs. a real part of the impedance Z¢), exibit (at the potential corresponding to the redox probe reduction) semicircles, the radius of which becomes smaller with lower R2 values. The system can be simulated by a simple parallel combination of capacitance (C) and chargetransfer resistance by redox reactions (R2) in series with the supporting electrolyte resistance (R1), as shown in Fig. 4 . The shape of the impedance spectra curves is important for data interpretation (Fig. 5) . The presence of MWNT on the electrode surface significantly decreases the impedance due to high electroconductivity. The DNA layer causes an increase of the R2 value, which is comparable with CHIT alone. An increased diameter of the Niquist plot corresponds well with the decreased R1, solution (supporting electrolyte) resistance; R2, electron transfer resistance; C, capacitance. reversibility of the system observed at CV. The linear part of Niquist plots characterizes the diffusionally controlled process. The obscure developed linear part in the case of CHIT/SPCE can be attributed to a lower diffusion of [Fe(CN)6] 3-ions into the polymer net at low frequencies, together with the retaining of negatively charged ions of the probe in this net. The complex impedance (and similarly the R2 value) of the DNA/MWNT-CHIT/SPCE biosensor is higher than that of the electrode without DNA, because its negatively charged interface represents an electrostatical barrier towards the anions of the redox probe. Table 2 summarizes the data fitted to an equivalent circuit. The n value (called roughness exponent) 28 represents a deflection of the transducers surface from the theoretical homogenous or smooth surface where n = 1. 29 A modification of the screen-printed carbon surface with CHIT and MWNT-CHIT composite enhances the homogenity of the surface (n = 0.769 for SPCE vs. 0.823 for CHIT/SPCE and 0.829 for MWNT-CHIT/SPCE). Practically no difference between the values for CHIT/SPCE and MWNT-CHIT/SPCE indicates a homogenous distribution of MWNT in a CHIT scaffold, where nanotubes contribute to the surface conductivity, but they do not subsidize the surface porosity or roughness. At n values near to 1, the constant phase element, CPE, should be reduced to capacitance C, reflecting the surface inhomogenities. 30 Thus, the capacitance value in these cases is also substantially the same.
Data obtained for the CHIT film alone differ from those (R2 = 7.88 kW, C = 0.55 mF) for a CHIT membrane reported by Chen et al. 31 The reasons are in differences of the CHIT properties and the simulation circuit model. The obtained results allow an advantageous use of coupling of the CV and EIS techniques for DNA damage evaluation in the same experiment.
Detection of deep DNA damage
To confirm the applicability of both the proposed new DNA/ MWNT-CHIT/SPCE biosensor and simple procedures to the detection of deep DNA damage, an effect of various known DNA cleavage agents on a DNA layer at the DNA/MWNT-CHIT/SPCE biosensor was tested using the CV and EIS measurements after an incubation of the sensor in the cleavage mixtures (Table 3) . These DNA damaging chemical agents resulted in multiple products of the DNA degradation via base loss, base modification, and strand breaks. 1 We have found that the proposed biosensor and procedures reflect the effect of standard DNA cleavage agents, and posses quantitative information on a deep degradation of the immobilized DNA.
The normalized signal values correspond to the degree of such a partial DNA layer degradation, depending on the agent concentration and the time of biosensor incubation. With respect to differences between individual SPCE strips, the CV parameters and R2 data are expressed as normalized changes of the electrochemical signals regarding to the parameters obtained for the original biosensor before its incubation in a cleavage agent (formulae (1) -(3) given in Experimental). The CV results agree well with those for the R2 values obtained by EIS.
A sensitivity of the proposed biosensor to the detection of deep damage to DNA can also be seen.
The biosensor was applied to the detection of an effect of acridine orange (AO) on the SPCE surface on which DNA was attached. AO as a well known genotoxic agent leads to the degradation of DNA, as was recently shown by using calf thymus dsDNA modified SPCE with the [Co(phen)3] 3+ redox indicator as well as electrophoretic experiments. Both procedures used showed a rapid decrease of surviving DNA with an increase of the AO concentration. A correlation of the results with our previous AO investigation 32 can be considered as a validation of the CV and EIS procedures reported in this paper.
Conclusions
In this work, the naturally occurring polymer chitosan both alone and as a composite matrix for carbon nanotubes is shown to form compact films on a screen-printed carbon electrode surface. The EIS data (particularly the parameter n) as well as the CV data (the excellent correlation of the parameters DEp and DI) indicate that the CHIT strongly improves the homogenity of MWNT deposition onto the sensor surface, compared to the simple deposition of MWNT from a suspension e.g. in dimethylformamide. The MWNT-CHIT composite is also shown to be a suitable interface for the immobilization of the Conditions: polarization potential, 0 V; amplitude, 10 mV. R1 represents the solution resistance, R2 is the electron transfer resistance, C is the capacitance and n is the "roughness exponent". DNA layer. Finally, the presence of DNA and changes in its amount under the conditions of deep DNA damage (concentration of agents, incubation time) can be effectively and simply detected by using the cyclic voltammetry and electrochemical impedance spectroscopy with K3[Fe(CN)6] as the redox probe both independently as well as in the coupled CV and EIS measurements in the same experiment. The DNA/ MWNT-CHIT/SPCE biosensor is proposed for the detection of a deep DNA degradation by cleavage agents, like reactive oxygen species formed in situ and acridine orange. The novel DNA-based biosensor with the bionanocomposite interface formed by multiwalled carbon nanotubes and chitosan represents an effective, inexpensive and non-toxic (comparing to mercury based elements) disposable chemical toxicity sensor with simple preparation and good stability.
